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Abstract
Observations of magnetically active stars with Chan-
dra and XMM-Newton have deepened our knowledge of
the physics of the atmospheres in late-type stars. In this
review paper, I discuss two topics that have profited sig-
nificantly from Chandra and XMM-Newton. Of particular
interest, studies of the elemental composition of stellar
coronae have taken advantage of the high spectral resolu-
tion available with the grating instruments on board these
satellites. I summarize the status of our knowledge and
discuss the elemental composition in a variety of stellar
coronae. I also focus on the topic of flares in stellar coro-
nae, and review the contributions made by XMM-Newton
and Chandra to X-ray and multi-wavelength studies.
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1. Introduction
X-ray astronomy of stars has been a rich and prosperous
field for more than a quarter of a century (see reviews by
Favata & Micela 2003; Gu¨del 2004). Late-type stars dis-
play strong X-ray emission as a signature of magnetic ac-
tivity in their upper atmospheres (e.g., Linsky 1985). Stel-
lar coronae have been studied in detail with many extreme
ultraviolet (EUV) and X-ray satellites, but the launches
of both Chandra and XMM-Newton finally gave access
to high-resolution spectroscopy in the X-ray regime with
high sensitivity. Of particular interest, the He-like triplets
have given us access to electron densities which are of cru-
cial importance to derive coronal volumes from emission
measures (EMs). In addition, the elemental composition of
the stellar coronal plasma can be obtained without much
spectral confusion and the complication of radiative trans-
fer for several abundant elements such as C, N, O, Ne, Mg,
Si, S, Ar, Ca, and Fe.
Whereas the Sun’s proximity helps to study the physi-
cal processes in its upper atmosphere, the investigation of
X-ray coronae provides us with a wide range of physical
conditions different from the Sun (e.g., mass, radius, ro-
tation period, luminosity). The lack of spatial resolution
in stars also helps us to obtain a global view of coronal
physics in its most extreme conditions. Indeed, the solar
corona does not sustain a corona with a dominant plasma
temperature of a few tens of MK, but stars do.
This review summarizes the results obtained with the
new XMM-Newton and Chandra X-ray satellites in the
field of stellar coronae. About five years after their launches
in 1999, there is a vast pool of publications and topics to
review, too vast for merely 10 pages. Therefore, this re-
view focuses on two specific topics, namely the elemental
composition of stellar coronae (§2), and stellar flares (§3).
Although I will address various issues related to abun-
dances and flares, completeness is not possible given the
limited space. I will therfore discuss selected representa-
tive examples in more detail but touch upon others only
in a cursory way. A complementary review on the topics
of densities and coronal structures can be found in these
proceedings as well (Ness 2005). Previous reviews sum-
marizing the view three years after the launch of Chandra
and XMM-Newtoncan be found elsewhere (Audard 2003;
Linsky 2003).
2. Elemental Composition of Stellar Coronae
2.1. A brief introduction
In the Sun, coronal abundances show a specific pattern
in which elements with first ionization potentials (FIP)
< 10 eV are enriched by a factor of ∼ 4 with respect
to their photospheric abundances. Although this so-called
FIP effect can be observed in the full-disk emission of the
Sun (Laming et al. 1995), details show, however, differ-
ent FIP bias depending on where coronal abundances are
measured (e.g., fast vs. slow wind, active regions, coronal
holes, etc; see, e.g., Feldman & Laming 2000).
Coronal abundance studies in stars in the pre-Chandra
andXMM-Newton era were promising but still in an infant
state. Only the EUVE and ASCA satellites had sufficient
spectral resolution to derive a few element abundances.
The abundance of Fe in active stars was found to be defi-
cient by factors of 5 to 10 relative to the solar photospheric
abundance (e.g., S. Drake 1996; Schmitt et al. 1996). On
the other hand, a solar-like FIP effect was derived in inac-
tive stars (Drake et al. 1997; Laming & Drake 1999). The
advent of Chandra and XMM-Newton have given further
insight into the elemental composition in magnetically ac-
tive stars thanks to their sensitive high-resolution grating
spectra.
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2Figure 1. The inverse FIP effect as measured by
Brinkman et al. (2001) in a deep XMM-Newton observa-
tion of HR 1099.
2.2. The FIP vs inverse FIP effects
A new pattern was observed in the active RS CVn binary
system HR 1099 in which high-FIP (> 10 eV) elements
are enhanced relative to the abundances of low-FIP el-
ements (Fig. 1; Brinkman et al. 2001; Drake et al. 2001;
Audard et al. 2001a). A detailed analysis of several ac-
tive RS CVn binaries showed a similar inverse FIP effect
(Fig. 2; Audard et al. 2003). Several studies with Chan-
dra and XMM-Newton have confirmed the depletion of
low-FIP elements (e.g., Fe), and the relative enhancement
of high-FIP elements (e.g., noble gases Ar and Ne) in mag-
netically active stars (e.g., Gu¨del et al. 2001a; Gu¨del et al. 2001b;
Huenemoerder et al. 2001; Gondoin et al. 2002; Raassen et al. 2002;
Stelzer et al. 2002; Drake 2003; Gondoin 2003a; Gondoin 2003b;
Huenemoerder et al. 2003; Osten et al. 2003a; Sanz-Forcada et al. 2003;
van den Besselaar et al. 2003; Argiroffi et al. 2004; Audard et al. 2004;
Gondoin 2004; Maggio et al. 2004; Schmitt & Ness 2004)
In solar analogs of different activity levels and ages,
but of photospheric composition similar to the Sun’s, the
FIP bias is more complex: whereas young, active solar
proxies showed an inverse FIP effect similar to that in
the active RS CVn binaries, old, inactive stars show a
solar-like FIP effect, suggesting a possible transition from
one FIP pattern to the other with the level of activity
(Gu¨del et al. 2002a; Telleschi et al. 2005). The lack of sig-
nificant FIP bias in Capella (Audard et al. 2001b; Audard et al. 2003;
Argiroffi et al. 2003), a wide RS CVn binary of intereme-
diate activity, suggests that a transition in FIP bias occurs
in this class of magnetically active stars as well. A solar-
like FIP effect is also found in several giants (Scelsi et al. 2004;
Garcia-Alvarez et al. 2005).
Although encouraging, the above general picture faces
a significant challenge with Procyon. Whereas the cool,
inactive coronae of α Cen AB both show solar-like FIP
effects (Raassen et al. 2003a), no FIP bias is measured in
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Figure 2. A systematic study of the coronal abundances in
RS CVn binaries showed an inverse FIP effect in the most
active stars, whereas the intermediately active Capella
showed no specific bias (Audard et al. 2003). The symbols
refer to different plasma emission codes.
Figure 3. The coronal abundances in the fast rotating AB
Dor. Notice the increase abundances at very low FIP (Ca
and Ni; Sanz-Forcada et al. 2003).
the F-type subgiant (Raassen et al. 2002; Sanz-Forcada et al. 2004),
consistently with EUVE (Drake et al. 1995). The FIP bias
transition scenario, however, requires a strong solar-like
FIP effect in cool, inactive stars.
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Figure 4. Coronal abundances in the RS CVn binary λ And. The U-shape pattern can be seen when the solar photo-
spheric set is used as comparison (Left). On the other hand, no FIP bias is visible when stellar photospheric abundances
are used (adapted from Sanz-Forcada et al. 2004; see also Audard et al. 2003).
Furthermore, several studies have reported that, whereas
coronal abundances decrease with decreasing FIP in active
stars, a turnover occurs at very low FIP where the abun-
dances of the respective elements steeply increase (Fig. 3;
Sanz-Forcada et al. 2003; Osten et al. 2003a; Huenemoerder et al. 2003;
Argiroffi et al. 2004). The explanation for such a turnover
remains unclear, as different analysis techniques provide
different results for the same data sets (e.g., Argiroffi et al. 2004;
Telleschi et al. 2005). It is worthwhile to mention that, in
the Sun’s corona, the abundances of elements at very low
FIP are often larger than that of the low-FIP (Fe, Mg, Si)
elements (see Feldman & Laming 2000 for a discussion).
An important caveat needs, however, to be raised: most
studies rely on the solar photospheric abundances as the
standard comparison set (e.g., Anders & Grevesse 1989;
Grevesse & Sauval 1998). But the derivation of stellar pho-
tospheric abundances in magnetically active stars is chal-
lenging as such stars rotate fast, thus the signal-to-noise
ratio of lines against the continuum is significantly re-
duced. In addition, spots and plages can distort the line
shapes as the star rotates. Consequently, photospheric abun-
dances can be highly uncertain, with major differences
found in the literature, or, as is often the case, they are
not available altogether (except perhaps the metallicity
[Fe/H]).
The FIP coronal pattern could be different when real
photospheric values for the individual stars are taken into
account (Fig. 4; Audard et al. 2003; Sanz-Forcada et al. 2004).
However, since the solar analogs sample used by Gu¨del et al. (2002a)
and Telleschi et al. (2005) have photospheric compositions
which are believed to be similar to the Sun’s, the finding of
a transition from inverse FIP to solar-like FIP effect with
decreasing activity level appears to be robust. Also, sev-
eral stars with known Fe photospheric abundances show a
marked Fe depletion in the corona (e.g., Huenemoerder et al. 2003;
Audard et al. 2004), suggesting that the inverse FIP effect
is real.
Finally, the ill-posed problem of spectral inversion needs
to be recalled in this review. Craig & Brown (1976a) and
Craig & Brown (1976b) showed that statistical uncertain-
ties can introduce significant uncertainty in the recon-
structed emission measure distribution. In addition, sys-
tematic uncertainties introduced by, e.g., inaccurate cali-
bration or incorrect atomic parameters in databases can
increase the scatter further. Consequently, the effects on
the derivation of coronal abundances can be severe unless
external assumptions are introduced. Future studies need
to take into account this basic problem, and to compare
the output with different analysis techniques and atomic
databases (e.g., Audard et al. 2004; Schmitt & Ness 2004;
Telleschi et al. 2005).
2.2.1. The models
Models that aim at explaining the solar FIP effect are
plenty (see the reviews by He´noux 1995; He´noux 1998; see
also Arge et al. 1998; Schwadron et al. 1999; McKenzie 2000).
On the other hand, the recent Chandra and XMM-Newton
results still lack theoretical explanations. Gu¨del et al. (2002a)
suggested that the non-thermal electrons seen in magnet-
ically active stars could explain the inverse FIP effect,
and possibly the FIP effect observed in inactive stars. Al-
though promising, the scenario still remains in an infant
state. To my knowledge, the model by Laming (2004) is
the only comprehensive theoretical model that specifically
addresses the inverse FIP effect in stars. The model pro-
poses a unified picture of both the FIP and inverse FIP
effects by exploring the effects on the upper chromospheric
plasma of the wave ponderomotive forces. Laming (2004)
suggested that fine tuning of the model parameters could
turn a solar FIP effect into an inverse FIP effect. Further
4Figure 5. Line ratios of N vii and C vi shown with the
theoretical line ratio for solar photospheric abundances
and the MEKAL atomic database as a function of the
plasma temperature. The line ratios in Algol and β Cet
lie significantly above the solar ratio, indicating the pres-
ence of CNO-cycle processed material at the stellar surface
(Schmitt & Ness 2002).
theoretical works are needed to assess the validity of the
proposed model, and to develop new models and ideas.
The work in stellar coronae can thus provide important
ideas and constraints on the solar element fractionation
models.
2.3. Signatures of the CNO cycle
Whereas most stars show coronal abundances affected by
element fractionation in their upper atmospheres, a few
stars have shown enhanced N emission lines compared
to what could be expected by, say, an inverse FIP ef-
fect. In particular, the N vii/C vi line ratio, which is
about constant for temperatures of above 2.5 MK, turns
out to be significantly non-solar in several stars (Fig. 5).
Such high line ratios were interpreted as a signature of
the CNO-cycle processed material (Schmitt & Ness 2002).
Using the N/C abundance ratio as a diagnostic tool, Drake (2003)
showed that the secondary star in Algol must have lost at
least half of its initial mass onto the primary through ac-
cretion (Fig. 6). Evidence of the CNO cycle has also been
found in the Algol-type RZ Cas (Audard et al. 2005). Some
giant stars show evidence for CNO-processed material at
their surface as well (β Cet: Schmitt & Ness 2002; YY
Men: Audard et al. 2004). Finally, Drake & Sarna (2003)
measured a strong [C/N] depletion in the pre-cataclysmic
binary V471 Tau which they interpreted as observational
evidence of the common envelope phase of the system.
Figure 6. Extracts of the LETGS spectra of HR 1099 (top)
and Algol (bottom). Notice the enhanced N vii Lyα line at
24.7 A˚ and the faint N vii Lyα line in Algol, whereas the
situation is almost reversed in HR 1099 (Drake 2003).
2.4. Abundance variations during stellar flares
In the chromospheric evaporation model, fresh material
is brought up from the chromosphere into the corona af-
ter electron beams impact and heat up the lower parts of
the atmosphere (Antonucci et al. 1984). Therefore, X-ray
spectra are expected to reflect abundances closer to the
photospheric (actually chromospheric) composition. The
increase of the average metallicity, Z, has been measured
in several stellar flares with previous missions. ASCAmea-
sured in a flare in UX Ari a selective increase of low-FIP el-
ements whereas high-FIP element abundances stayed nearly
constant (Gu¨del et al. 1999; Osten et al. 2000). A similar
behavior was observed with gratings in other stars (Audard et al. 2001a;
Raassen et al. 2003b). However, this picture is not unique:
Figure 7. Coronal abundances in σ2 CrB. During a stel-
lar flare, all element abundances increase, with no specific
FIP-related bias (Osten et al. 2003a).
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Figure 8. Sketch of the chromospheric evaporation model
and the Neupert effect (Neupert 1968; see text for details).
other flare spectra displayed no FIP-related bias, i.e., all
element abundances increased (Fig. 7; Osten et al. 2003a;
Gu¨del et al. 2004). In addition, some flares show no evi-
dence of abundance increase at all (Huenemoerder et al. 2001;
van den Besselaar et al. 2003). In conclusion, the abun-
dance behavior during flares remains unclear, possibly due
to the low signal-to-noise ratios of time-dependent flare
spectra.
3. Stellar Flares
Magnetically active stars have been known to display nu-
merous flares in general (with the exception of a few no-
table examples, e.g., Capella and Procyon). Such flares can
show extreme X-ray luminosities (up to a few percents of
the stellar bolometric luminosity), very hot temperatures
of more than 10 MK, and can last from minutes up to
several days. In addition, flares can bring “fresh” chromo-
spheric material up into the corona (Antonucci et al. 1984).
Recent works also suggest that flares can act efficiently as
stochastic agents to heat the corona in the Sun (Parker 1988)
and in stars (Gu¨del 1997; Audard et al. 2000; Kashyap et al. 2002;
Gu¨del et al. 2003a; Arzner & Gu¨del 2004). Chandra and
XMM-Newton have observed several flares in magnetically
active stars, including rather bright events. I summarize
below the results obtained with those satellites and in
multi-wavelength campaigns.
3.1. The Neupert Effect
The Neupert effect (Neupert 1968) describes the corre-
lation between the microwave/radio light curve of flares
and their X-ray light curve. The latter follows relatively
closely the time integral of the former, and this effect has
been explained in the context of chromospheric evapo-
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Figure 9. Evidence for the Neupert effect in the RS CVn σ
Gem. Shown are the light curves observed in X-rays (top),
its X-ray derivative (middle), and in radio (bottom). The
inset shows a cross-correlation function between the X-ray
derivative and radio light curves (Gu¨del et al. 2002b).
ration (Fig. 8; Antonucci et al. 1984; Fisher et al. 1985).
A beam of non-thermal electrons is accelerated from the
magnetic reconnection site. Part of the electron beam gets
trapped in the magnetic flux tubes and radiate gyrosyn-
chrotron emission in the radio, and part of it impacts
on the dense chromosphere producing hard X-ray non-
thermal bremsstrahlung (and almost simultaneously broad-
band optical light). The beam heats up the upper chro-
mosphere to coronal temperatures; the plasma in turn ex-
pands into coronal loops and subsequently cools radia-
tively in X-rays. The X-ray emission roughly scales with
the thermal energy content deposited by the electron beam,
whereas the radio/hard X-ray/optical emission relates to
the energy rate (since these emissions are spontaneous,
i.e., the radiative time scales are much shorter than in the
X-rays).
Evidence of the Neupert effect has been found in the
RS CVn binary σ Gem (Fig. 9; Gu¨del et al. 2002b). Whereas
the VLA radio and XMM-Newton pn X-ray light curves
6Figure 10. The Neupert effect in Proxima Centauri. The
X-ray and optical light curves are shown in the top panel;
the X-ray derivative is shown in the bottom left panel,
whereas the hard X-ray (7.5−15 keV) light curve is shown
as a histogram in the bottom right panel (adapted from
Gu¨del et al. 2002c).
show no apparent correlation, the derivative of the X-ray
light curve follows closely the radio, as expected from the
Neupert effect. A rough assessement of the flare energy
budget showed that the energy in the non-thermal elec-
trons is probably sufficient to heat the observed plasma.
Indeed, under realistic assumptions, Gu¨del et al. (2002b)
obtained an injected energy E ∼ 1033−36 ergs, similar to
the X-ray emitted EX ∼ 4 × 10
34 ergs. In a systematic
study of the X-ray and radio simultaneous observations
of several M-type flare stars, Smith et al. (2005) also ob-
served several cases of a Neupert effects, although they re-
ported events where no radio counterparts were observed
to X-ray flares, and vice-versa. They argued that, like in
the Sun, not all flares should display a Neupert effect since
the observable fluxes can originate from different mecha-
nisms (e.g., radio masers) or spatial structures.
A large flare in Proxima Centauri was caught with
XMM-Newton. Simultaneous coverage with the Optical
Monitor proved helpful to observe the Neupert effect (Gu¨del et al. 2002c).
In analogy with σ Gem, the X-ray derivative light curve
closely matched the optical U -band light curve. X-ray pho-
tons in the range 7.5 − 15 keV also occurred in the early
phase of the flare (Fig. 10). The peak flare X-ray lumi-
nosity reached 3.9 × 1028 erg s−1, about hundred times
the pre-flare level (6 × 1026 erg s−1), and the total en-
ergy radiated in X-rays was about 1.5 × 1032 ergs. There
was spectroscopic evidence of density variations from <
2 × 1010 cm−3 (pre-flare) to 1011−12 cm−3 at flare peak.
Together with the EMs, coronal volumes and masses could
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Figure 11. Several small flares are detected in the pseudo-
“quiescent” X-ray and optical light curves of Prox Cen.
Some also display a Neupert effect (Gu¨del et al. 2002c).
be derived as well. Reale et al. (2004) analyzed the Prox
Cen flare with hydrodynamical codes and found that it
could be described by an initial flare heating in a single
loop (∼ 1010 cm) followed by additional heating in an
arcade-like structure. Gu¨del et al. (2004) found a similar
loop size from a 2-ribbon flare modeling.
Further evidence of the Neupert effect and chromo-
spheric evaporation was detected in the pre-flare light
curve in Prox Cen, before the giant flare. The “quiescent”
light curve turned out to be quite variable: a multitude
of small events were detected in the X-ray and optical
light curves, with the smallest events having X-ray lumi-
nosities LX ∼ 10
26 erg s−1, i.e., similar to modest so-
lar flares (Gu¨del et al. 2002c). Many of them showed a
Neupert effect, but some did not which is no different
than in the Sun (Dennis & Zarro 1993). Such observations
demonstrate that what is perceived as quiescence could in
fact be explained by the superposition of a multitude of
small heating flares.
7Figure 12. The EMD of the RS CVn binary II Peg
(Huenemoerder et al. 2001). The time-averaged EMD is
a composite of the “quiescent” EMD and the flare EMD.
3.2. The Flare Emission Measure Distribution
Flare spectra have displayed spectroscopic characteristics
of high temperatures, such as a well-developed brems-
strahlung continuum and emission lines of highly ionized
Fe (e.g., Audard et al. 2001a; Osten et al. 2003a). The re-
constructed emission measure distribution (EMD) dur-
ing flares indeed show strong EMs at high temperatures
(Fig. 12; Huenemoerder et al. 2001; Raassen et al. 2003b;
van den Besselaar et al. 2003). Time-dependent analyses
actually revealed that the flare EMD evolves from a dom-
inant high temperature in the early phase followed by a
gradual decrease in emission measure and temperature
(Fig. 13; Gu¨del et al. 2004).
Although the EMD temporarily evolves to high tem-
peratures and returns to a pre-flare shape, the question
arises whether flares as a statistical ensemble (i.e., from
small to large flares) can shape the EMD of stellar coronae
(e.g., Gu¨del 1997; Gu¨del et al. 2003a). In this framework,
Gu¨del et al. (2004) noted that the large flare in the mod-
esty X-ray active Prox Cen was equivalent to a small “wig-
gle” in the extremely X-ray active flare star YY Gem and
further emphasized that the flare spectrum of Prox Cen
closely matched YY Gem’s quiescent spectrum. Audard et al. (2004)
also showed that the high-temperature tail of YY Men’s
EMD can be ascribed to numerous small flares despite the
lack of obvious flares in its light curve.
3.3. Eclipse Mapping
Schmitt et al. (2003) observed in Algol an eclipse of a flare
that was in progress. Assuming a flare decay profile, they
modeled a rectified light curve with an eclipse mapping
code to derive the properties of the eclipsed flare. Schmitt et al. (2003)
constrained the location of the flare to near the limb of
the magnetically active K2 star at a height of ∼ 0.1R⋆.
The cumulative density distribution indicates densities of
at least 1011 cm−3 and up to ∼ 2 × 1011 cm−3. Simi-
lar densities are derived from spectroscopy (O vii He-
like triplet). A similar eclipsed flare was observed with
BeppoSAX (Schmitt & Favata 1999; Favata & Schmitt 1999).
Eclipse mapping is a powerful means to obtain indi-
rect information on the spatial structure of stellar coronae.
Gu¨del et al. (2001b), Gu¨del et al. (2003b), and Gu¨del et al. (2005)
used a similar method to obtain spatial maps of the eclips-
ing binaries YY Gem, α CrB, and CM Dra. Inhomoge-
neous coronal maps were derived, albeit with characteris-
tics different from the Sun’s (e.g., high altitudes). Audard et al. (2005)
observed the eclipsing Algol-type RZ Cas with XMM-
Newton and the VLA. Only shallow eclipses were detected
with a different timing in the different wavelength regimes,
suggesting extended emitting sources. Another technique
to derive spatial information includes spectroscopy. Ayres et al. (2001)
monitored the centroid of the Ne x Lyα line in HR 1099
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8Figure 14. The XMM-Newton X-ray light curve of an
eclipsed flare in Algol after correction using a flare decay
profile (Schmitt et al. 2003). The best-fit model is shown
as a solid curve. Fig. 15 shows the reconstructed spatial
image.
over half an orbital period and concluded that the bulk of
the X-ray emission was confined to the K-type secondary.
Brickhouse et al. (2001) observed line centroid shifts in
the contact binary 44i Boo. They found that derived that
two active regions on the primary star at high latitudes
could reproduce the observed line profile shifts and the X-
ray light curve. YY Gem showed variable line broadening
(Gu¨del et al. 2001b), whereas line shifts were measured in
Algol (Chung et al. 2004).
3.4. Cool flares
Common wisdom assumes that flares show typically ex-
treme high temperatures. However, Ayres et al. (2001) ob-
served “cool” flares in a multi-wavelength campaign on
HR 1099. The flares displayed temperatures less than 0.1 MK
since there was no signal detected in the X-ray or EUV
regimes, neither in the Fe xxi coronal line at λ1354 A˚
(Fig. 16). Such cool flares were interpreted as similar to
transition zone explosive events observed in the Sun (Dere et al. 1989).
Osten et al. (2003b) also reported a flare in radio/optical
with no X-ray counterpart in EV Lac.
4. Concluding Remarks
The previous pages have provided a glimpse of the excit-
ing new results in stellar coronal physics obtained with
Figure 15. The reconstructed spatial image of the flare
in Algol (see Fig. 14). The solid curve describes the
photosphere of the K-type secondary, whereas the dot-
ted curves denote successive heights in units of 0.1R⋆
(Schmitt et al. 2003).
XMM-Newton and Chandra to date. The wealth of scien-
tific publications five years after the satellites’ launches is
a lively proof of rapid advances in our field. I have concen-
trated on selected aspects, i.e., the elemental composition
and stellar flares. Further topics are covered in a compan-
ion review in these proceedings (Ness 2005). Furthermore,
numerous poster papers in these proceedings complement
the present review as well. The field of stellar coronae
has matured and profited significantly from XMM-Newton
and Chandra. Nevertheless, future studies are needed to
deepen our knowledge on stellar coronae in X-rays and
at other wavelengths, and in particular to understand the
connection between the Sun and magnetically active stars.
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